Angiogenic response is impaired in diabetes. Here, we examined the involvement of receptor for advanced glycation end products (RAGE) in diabetes-related impairment of angiogenesis in vivo. Angiogenesis was determined in reconstituted basement membrane protein (matrigel) plugs containing vascular endothelial growth factor (VEGF) implanted into nondiabetic or insulin-deficient diabetic wild-type or RAGE ؊/؊ mice. The total, endothelial, and smooth muscle (or pericytes) cells in the matrigel were significantly decreased in diabetes, with the regulation dependent on RAGE. In the matrigel, proangiogenic VEGF expression was decreased, while antiangiogenic thrombospondin-1 was upregulated in diabetic mice, regardless of the presence of RAGE. In wild-type mice, proliferating cell nuclear antigen (PCNA)-positive cells in the matrigel were significantly less in diabetic than in nondiabetic mice, while the numbers of transferase-mediated dUTP nick-end labeling (TUNEL)-positive cells were significantly higher. This alteration in PCNA-and TUNEL-positive cells in diabetes was not observed in RAGE ؊/؊ mice. Similarly, the percentage of nuclear factor B-activated cells is enhanced in diabetes, with the regulation dependent on the presence of RAGE. Importantly, adenovirus-mediated overexpression of endogenous secretory RAGE, a decoy receptor for RAGE, restores diabetes-associated impairment of angiogenic response in vivo. Thus, RAGE appears to be involved in impairment of angiogenesis in diabetes, and blockade of RAGE might be a potential therapeutic target. Diabetes 55: [2245][2246][2247][2248][2249][2250][2251][2252][2253][2254][2255] 2006 
T he morbidity and mortality of diabetes are due to the development of both macrovascular and microvascular complications (1) . Progressive vasodegeneration in microvascular beds is the major underlying factor in initiation and progression of diabetic vascular complications (2) (3) (4) . In addition, the phenomenon of impaired new vessel growth in the diabetic state is well recognized (5) (6) (7) (8) . However, the mechanisms by which diabetes could limit the formation of new blood vessels remain largely undefined.
One consequence of long-term hyperglycemia is the formation of advanced glycation end products (AGEs); the accumulation of AGEs in the vessel wall has been implicated in the pathogenesis of diabetes complications (1) . Among a variety of AGE receptor or AGE-binding proteins that have been described, the receptor for AGEs (RAGE) is probably the best-characterized molecule. RAGE belongs to the immunoglobulin superfamily of cell surface molecules to which AGEs bind (9, 10) . Ligation of RAGE in endothelial cells activates the transcription factor nuclear factor-B (NF-B), subsequently leading to increased expression of proatherogenic mediators, such as monocyte chemoattractant protein-1 or vascular cell adhesion molecule-1 (11, 12) . Recently, RAGE has been shown to be involved in both microdiabetic (13) and macrodiabetic (14, 15) vascular complications.
The angiogenic role of AGEs in vitro remains somewhat controversial: antiangiogenic (16) or proangiogenic (17) . Some reports showed the involvement of AGEs in impaired angiogenic response in diabetic animals in vivo; inhibition of AGE formation in diabetic mice is shown to restore ischemia-induced angiogenesis in peripheral limbs (18) , and AGEs inhibition with soluble RAGE can restore angiogenic potential during wound healing in diabetic mice (19) . However, the role of RAGE in altered angiogenic response in diabetes has not been reported. In this article, using RAGE-deficient mice, we examined if RAGE underlays impaired angiogenic response in diabetes. We show that presence of RAGE is essential for impaired angiogenic response in diabetes. We further show that functional blockade of RAGE with a decoy receptor, endogenous secretory RAGE (esRAGE), can restore suppressed angiogenic response in diabetes. from F2 or F5 backcrosses onto the C57BL/6J genetic background. C57BL/6J wild-type and RAGE Ϫ/Ϫ mice were produced by mating C57BL/6J RAGE ϩ/Ϫ mice. Mice were weaned at age 4 -5 weeks and housed in conventional cages. Mice were fed a pelleted standard rodent diet. Mice were maintained in a temperature-controlled (24°C) facility with a strict 12-h light/dark cycle and given free access to food and water. Procedures in this study were approved by the animal care and use committee at the Osaka City University Graduate School of Medicine, Osaka, Japan. Experimental protocols. For the induction of insulin-deficient diabetes, mice were given 60 mg/kg of streptozotocin (STZ; Sigma, St. Louis, MO) via intraperitoneal injection at age 6 weeks for 6 days as previously described (21) . For nondiabetic controls, mice were injected intraperitoneally with solvent alone (0.05 mol/l sodium citrate buffer, pH 4.5). Wild-type or RAGE Ϫ/Ϫ mice were randomly divided into diabetic and nondiabetic groups to produce four groups: a nondiabetic wild-type, a diabetic wild-type, a nondiabetic RAGE Ϫ/Ϫ , and a diabetic RAGE Ϫ/Ϫ group. In this experimental protocol, plasma glucose was promptly increased at age 7 weeks after STZ injection (data not shown), and serum AGE level was increased when the mice were killed ( Table 1) . Determination of AGE concentration. Serum N-carboxymethyllysine (CML) and glucose-derived AGEs were differentially determined using a competitive enzyme-linked immunosorbent assay as described (22) . One unit per milliliter of CML or glucose-derived AGEs corresponded to a protein concentration of 1 g/ml CML-BSA or glucose-derived AGE-BSA, respectively. In vivo matrigel assay. Angiogenic response in nondiabetic and STZ-induced diabetic wild-type or RAGE Ϫ/Ϫ mice was evaluated through the matrigel assay as described previously (23) . Briefly, reconstituted basement membrane proteins, matrigel solution (BD Biosciences), was supplemented with 300 ng/ml vascular endothelial growth factor (VEGF; Genzyme Techne, Minneapolis, MN) and injected subcutaneously into the abdominal midline of wild-type or RAGE Ϫ/Ϫ mice at age 13 weeks, where it polymerized to form a plug. The plug was removed 2 weeks later and processed for histology analysis or for total RNA isolation. For histochemical analyses, it was fixed in a zinc fixative (BD Biosciences) for 24 -48 h at room temperature and sequentially in 4% paraformaldehyde overnight at 4°C. It was then embedded in paraffin. All tissues were sectioned (5-m thickness) and mounted onto slides. The angiogenic response in the matrigel was evaluated with hematoxylin and eosin staining using standard techniques or immunohistochemistry with cell typespecific antibodies. Total, CD31-positive, ␣ smooth muscle actin (␣SM actin)-positive, or desmin-positive cell numbers were counted in the five sequential 200 ϫ 300 -m fields adjacent to the fascia. Immunohistochemical staining and TUNEL in situ labeling. The following antibodies were used as the first antibodies for immunohistochemistry: rat anti-CD31 antibody (550274, dilution 1:100; BD Pharmingen, San Diego, CA) for staining vascular endothelial cells, mouse monoclonal anti-␣SM actin antibody (clone 1A4, dilution 1:800; Sigma) or anti-desmim antibody (dilution 1:1,000; DakoCytomation, Carpinteria, CA) to identify smooth muscle cell or pericyte, goat anti-mouse RAGE antibody (1:20 dilution; R&D systems), anti-VEGF antibody (clone sc-7269, dilution 1:100; Santa Cruz Biotechnology, Santa Cruz, CA), anti-thrombospondin (TSP)-1 antibody (Ab4, dilution 1:50; NeoMarkers, Fremont, CA), anti-angiopoietin-1 antibody (dilution 1:200; Alpha Diagnostic International, San Antonio, TX), anti-angiopoietin-2 antibody (dilution 1:200; Alpha Diagnostic International), anti-Mac-3 antibody (dilution 1:10; BD Pharmingen), the rabbit polyclonal antibody against the COOH-terminal 16 amino acids of human esRAGE (dilution 1:1,000) not detecting full-length RAGE (24) , and anti-proliferating cell nuclear antigen (PCNA) antibody (clone PC10, dilution 1:40; Oncogene Research Products, San Diego, CA). Paraffin-embedded implants were sectioned at 5 m thickness. Following deparaffinization and rehydration of sections, endogenous peroxidase activity was blocked using 0.3% hydrogen peroxide before application of blocking serum. Sections were then incubated with primary antibody. Immunohistochemical staining was performed by the aridin-biotin complex method (ABC Kit; Vector Laboratories, Burlingame, CA). Color was developed with 3,3Ј-diaminobenzidine tetrahydrochloride. Sections stained by omitting the primary antibodies were used as negative controls. NF-B activation in cells in the matrigel was analyzed by the direct fluorescent immunohistochemistry. The sections were incubated with rhodamine-conjugated anti-NF-B p65 antibody (F6, dilution 1:50; Santa Cruz Biotechnology), and the nuclei were counterstained with Haechist 33258 dye. The cells with the nuclei stained with p65 were considered NF-B-activated cells. The in situ apoptosis detection kit (Takara, Tokyo, Japan) was used to detect apoptotic cells in the matrigel plugs by terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay. The sections were also couterstained with 3% methyl green. Gene expression analyses with real-time RT-PCR. Total RNA was extracted from matrigel plugs using Trizol. cDNA was synthesized by TaqMan reverse transcription reagents, and expressions of mouse VEGF, basic fibroblast growth factor, hepatocyte growth factor, angiopoietin-1, angiopoietin-2, TSP-1, pigment epithelium-derived factor, tumor necrosis factor ␣, plateletderived growth factor, tissue factor, interleukin-6, and matrix metalloproteinase (MMP) 2 and 9 mRNA were measured quantitatively by the TaqMan real-time RT-PCR technique (Applied Biosystems, Foster City, CA). Ready-touse primers and fluorescence probes for each of the mouse gene and 18S ribosomal RNA were purchased from Applied Biosystems (Assay on Demand) and used according to the manufacturer's protocol. The Ct value for every sample was measured, and mRNA expression levels of each mouse gene were determined by a comparative Ct method using 18S ribosomal RNA as endogenous reference (Applied Biosystems). Construction and generation of recombinant adenovirus vectors. Human esRAGE-expressing pAdHM15-esRAGE (Ad-esRAGE) was constructed using the in vitro ligation method as previously described (25, 26) . In brief, a full-length human esRAGE cDNA (24) was first inserted into the shuttle plasmid, pHMCMV6, and was subcloned into the pAdHM15, using unique I-CeuI and PI-SceI sites in the E1 deletion region. Ad-esRAGE vector was transfected to human embryonic kidney 293 cells using Superfect transfection reagent (Qiagen) according to the manufacturer's protocol. Recombinant adenovirus expressing ␤-gal (Ad-LacZ) was used as a control. Adenovirus-mediated esRAGE gene transfer in vivo. Control or insulindeficient diabetic C57BL/6J mice (The Jackson Laboratories, Bar Harbor, ME) were used to examine the effect of esRAGE overexpression in vivo. VEGF (300 ng/ml) and either Ad-esRAGE or Ad-LacZ were suspended in the matrigel (5 ϫ 10 8 pfu/ml), and the matrigel were implanted subcutaneously into the abdominal midline of mice at age 13 weeks. The plug was removed 2 weeks later and processed for histochemical analysis. Statistical analysis. Data are presented as means Ϯ SD. Statistical analysis was done by using the Student's t test or ANOVA. These analyses were carried out using Stat View V software. Differences were considered significant when the P value was Ͻ0.05.
RESULTS
RAGE deficiency restores impaired angiogenic response in diabetic mouse. Table 1 shows body weights and postprandial blood glucose levels of four groups of mice (nondiabetic wild-type, diabetic wild-type, nondiabetic RAGE Ϫ/Ϫ , and diabetic RAGE
Ϫ/Ϫ
). In both the wildtype and RAGE Ϫ/Ϫ mice, the diabetic group showed significantly lower body weight and higher blood glucose level than the nondiabetic control group. There were no significant differences in body weight and blood glucose between wild-type and RAGE Ϫ/Ϫ mice both in nondiabetic and diabetic conditions. To determine the levels of circulating AGEs, serum was differentially measured by competitive enzyme-linked immunosorbent assay for CML Data are means Ϯ SD. Body weight and postprandial blood glucose were measured just before the implantation of the matrigel. Glucose-derived AGEs and CML were measured when the mice were killed. *P Ͻ 0.05 vs. control, Student's t test.
(derivative of AGEs mainly formed by peroxidation) and for glucose-derived AGEs (22) . Serum glucose-derived AGE levels were significantly higher in diabetic than nondiabetic mice, regardless of the presence or absence of RAGE (Table 1) . There was a tendency of higher serum CML levels in the diabetic groups than in the nondiabetic groups but without significant differences ( Table 1) . Expression of RAGE in wild-type or RAGE Ϫ/Ϫ mice was confirmed by immunohistochemistry ( Fig. 1) . In wild-type mice, RAGE was expressed in the vessels outside of the matrigel and in cells migrated into matrigel. Staining of CD31-positive endothelial cells and ␣SM actin-positive smooth muscle-like cells in adjacent sections revealed that RAGE was expressed in both of these cell types. As expected, these RAGE-positive cells were not observed in RAGE Ϫ/Ϫ mice. To examine the angiogenic response, we analyzed the numbers of total, endothelial (CD31 positive), and smooth muscle or pericytic cells in the matrigel (Fig. 2) . Because of the heterogeneity of the marker expression for smooth muscle cell or pericyte (27) , we used two representative markers in immuonohistochemistry: ␣SM actin and desmin. In wild-type mice, the total cell number in the matrigel of the STZ-treated diabetic mice was significantly decreased compared with that of the nondiabetic mice. In sharp contrast in RAGE Ϫ/Ϫ mice, the total cell number of diabetic mice was not significantly different from that of the nondiabetic mice. The CD31-positive, ␣SM actinpositive, or desmin-positive cell number in the matrigel of the diabetic wild-type mice was also significantly less than that of the nondiabetic wild-type mice. Whereas, neither the number of CD31-positive, ␣SM actin-positive, nor desmin-positive cells was significantly different compared with nondiabetic RAGE Ϫ/Ϫ mice. The numbers of ␣SM actin-positive cells and desmin-positive cells showed weak, but significant, correlation (r ϭ 0.421, P ϭ 0.0085) even though the adjacent sections were used for the analyses. This result is consistent with the idea that expression of the markers for smooth muscle cell/pericyte could be heterogeneous. Taken together, the angiogenic response to VEGF is suppressed in diabetic mice, with the impairment dependent on the presence of RAGE. RAGE is not principally involved in diabetes modulation of the mRNA or protein expression of genes in the matrigel involved in the angiogenic response. Next, we investigated whether RAGE was involved in diabetes-mediated regulation of genes in the matrigels involved in angiogenic response ( Table 2) . Expression of proangiogenic VEGF mRNA of the STZ-treated diabetic wild-type mice was significantly decreased compared with that of the nondiabetic wild-type mice. Presence of diabetes also significantly suppressed the expression of VEGF mRNA in RAGE Ϫ/Ϫ mice. Other proangiogenic factors, including basic fibroblast growth factor, hepatocyte growth factor, angiopoietin-1, and angiopoietin-2, did not show significant changes by diabetes, regardless of the presence or absence of RAGE. In sharp contrast to VEGF, the levels of antiangiogenic TSP-1 mRNA of the diabetic wild-type mice was significantly higher than those of the nondiabetic RAGE ϩ/ϩ mice. RAGE deficiency, however, did not affect diabetes-mediated increase in the expression of TSP-1. mRNA levels of pigment epithelium growth factor were significantly lower in the diabetic than nondiabetic group regardless of the presence of RAGE. Tissue factor, a primary cellular initiator of blood coagulation, is recently shown to contribute to a variety of biological processes, including inflammation, angiogenesis, metastasis, and cell migration (28) . In the present system, tissue factor mRNA was also suppressed by diabetes in both wild-type and RAGE Ϫ/Ϫ mice. Interestingly, platelet-de- rived growth factor gene, an essential factor involved in pericyte proliferation and migration (29) , was also significantly downregulated in diabetic mice, with its suppression again being independent on the presence of RAGE. Inflammatory cytokines including tumor necrosis factor ␣ and interleukin-6 were not significantly altered in diabetic mouse. MMP-2 gene expression was slightly lower in diabetic mice, while in RAGE Ϫ/Ϫ mice, no significant differences were observed. MMP-9 mRNA expression was not significantly altered by diabetes in both wild-type and RAGE Ϫ/Ϫ mice. To further examine the altered gene regulation in dia- betes, we performed immunohistochemistry to clarify their protein expression. Neither the localization of VEGF, TSP-1, angiopoietin-1, nor angiopoietin-2 expression was markedly different between nondiabetic and diabetic or between wild-type and RAGE Ϫ/Ϫ mice (Fig. 3A) . The intensity of immunostaining for VEGF and angiopoietin-2 inside the matrigel was rather decreased in the diabetic mouse, regardless of the presence of RAGE. In accordance with the gene regulation, abundance of TSP-1 protein expression tends to be elevated inside the matrigel and in the fascia around the matrigel in diabetic mice. However, diabetic wild-type and diabetic RAGE Ϫ/Ϫ mice showed similar TSP-1 staining. Since monocyte or macrophage is the major source or angiogenic growth factors, we also immunostained macrophage Mac-3 in these tissue sections (Fig. 3B) . We found scattered localization of Mac-3 both inside the matrigel and in the fascia around the matrigel, with the numbers of cells not being significantly different between nondiabetic and diabetic or wild-type and RAGE Ϫ/Ϫ mice. Taken altogether, regulation of multiple genes involved in angiogenesis appears to be altered in diabetes, with the majorities of regulation being independent of the presence of RAGE. Imbalance between proand antiangiogenic factors in diabetes was not strictly associated with local inflammation in this experimental system. Suppression of angiogenic response in diabetes is associated with decreased cell proliferation and increased cell death, which are restored by RAGE deficiency. To examine the potential mechanism underlying impaired angiogenic response in diabetes, we evaluated proliferating or dying cells by PCNA or TUNEL staining. As shown in Fig. 4 , diabetic wild-type mice had significantly less PCNA-positive and higher TUNEL-positive cells than nondiabetic wild-type mice. However, in RAGE Ϫ/Ϫ mice, there were no significant differences in PCNA-and TUNEL-positive cells between nondiabetic and diabetic mice. Thus, altered balance of cell proliferation and cell death could be involved in impaired angiogenic response in diabetes, with the alteration dependent on the presence of RAGE.
NF-B is a major signal transduction pathway activated by RAGE and is involved in cellular activation and changes in cell phenotype. We therefore examined NF-B activation in cells in the matrigels. As shown in Fig. 4C , the percentage of cells with the nuclei stained with NF-B was significantly higher in diabetic wild-type mice than nondiabetic wild-type mice. Importantly, the percentage of cells with NF-B activation was not affected by diabetes in RAGE Ϫ/Ϫ mice. Thus, altered cellular function in diabetes might be regulated through RAGE-mediated NF-B activation. Adenovirus-mediated overexpression of esRAGE restores diabetes-mediated impairment of angiogenic response in vivo. Recently, an esRAGE has been identified as a novel splice variant that directs the synthesis of RAGE proteins carrying all of the extracellular domains but devoid of the transmembrane and intracytoplasmic domains (24) . esRAGE was found to be released outside from the cells, to bind AGEs, and to be capable of neutralizing AGE actions on endothelial cells in culture (24) . We have recently reported that esRAGE is also detected in human plasma and is inversely associated with carotid atherosclerosis (30) . Thus, we next examined if adenoviral overexpression esRAGE restores diabetes impairment of angiogenic response in vivo. Our adenoviral esRAGE construct (Ad-esRAGE) successfully and dose dependently increased amounts of the protein secreted into the culture media when infected to human smooth muscle cells in vitro (Fig. 5A) . The major 50-kDa and minor 46-kDa bands correspond to the difference of Nglycosylation as previously described (24) . When the AdesRAGE was included in the matrigel plug assay, abundant esRAGE expression was detected in the muscles and vessels adjacent to the matrigel compared with Ad-LacZinfected mice (Fig. 5B) . Similar to Fig. 2 , in Ad-LacZinfected mice, the total cell number in the matrigel was significantly less in diabetic than that of the nondiabetic mice (Fig. 6) . In contrast in Ad-esRAGE-infected mice, the diabetes-mediated decrease in total cell number in the matrigel was significantly less. In accordance with the total cell number, decrease in both CD31-and ␣SM actinpositive cells in the matrigel in diabetic mice were significantly recovered by overexpression of esRAGE (Fig. 6) , suggesting that esRAGE restores diabetes impairment of angiogenic response in vivo. Data are means Ϯ SD. Total RNA was isolated from the matrigel of nondiabetic wild-type (n ϭ 11), diabetic wild-type (n ϭ 12), nondiabetic RAGE Ϫ/Ϫ (n ϭ 9), and diabetic RAGE Ϫ/Ϫ (n ϭ 9) mice. Each mouse was implanted with two matrigel plugs, and these two plugs were pooled to isolate single preparation of total RNA. Expression levels of the genes were quantitated by real-time RT-PCR. Each value was expressed as the percentage of the average value of nondiabetic wild-type samples. *P Ͻ 0.05 vs. control, Student's t test . 
DISCUSSION
In this study, we showed for the first time that RAGE is involved in impaired angiogenic response in diabetes. Moreover, our results implicate esRAGE as a therapeutic factor to protect impaired angiogenic response in diabetes. In addition to the vasodegenerative changes (2-4), several observations indicated that angiogenic response or development of new vessels in response to local ischemia/ inflammation is significantly reduced in diabetic patients and animals (5) (6) (7) (8) . However, only few reports showed the involvement of AGEs/RAGE system in diabetic-related impaired angiogenesis. Goova et al. (19) demonstrated that blockade of RAGE restores effective wound healing in diabetic mice. Tamarat et al. (18) demonstrated that blockade of AGE formation restored ischemia-induced angiogenesis in diabetic mice. Both of these reports implicate the functional role of AGEs in impaired angiogenic response but do not necessarily delineate the role of RAGE. Goova et al.'s (19) observation is made by using sRAGE, a decoy by binding RAGE ligands, which has the capacity to prevent ligands from interacting with receptors other than RAGE. Tamarat et al. (18) used aminoguanidine to prevent AGE formation. Recently, ablation of galectin-3, another receptor for AGEs, has been shown to abolish the AGE-mediated increase in retinal ischemia and restored the neovascular response to that seen in controls (8) .
Here, by using RAGE deficient mice, we showed for the first time that RAGE is indeed involved in diabetic-related impairment of angiogenesis. We also demonstrated that, by using adenovirus-mediated gene transfer, overexpression of esRAGE restored diabetes-related impaired angiogenesis.
The mechanism underlying AGEs/RAGE-mediated impaired angiogenic response is not clear at present. VEGF is a potent agonist of angiogenesis that activates both endothelial cell proliferation and migration. By contract, TSP-1 suppresses angiogenesis by inhibiting endothelial cell proliferation (31, 32) . Some in vitro analyses showed that AGE can elicit angiogenesis through the induction of autocrine vascular VEGF, thereby playing a potential role in the development and progression of diabetic retinopaty (17, 33, 34) . However, it has not been clear how the AGEs/ RAGE system regulates VEGF or TSP-1 expression in diabetic peripheral tissue. Our present quantitative analyses for mRNA expression revealed that VEGF is decreased while TSP-1 is upregulated in the matrigel implanted in diabetic mouse. These alterations may be related to impaired angiogenesis in diabetes but was not recovered by RAGE deficiency. Moreover, since our angiogenesis assay contains exogenous VEGF, sufficient VEGF appears not enough to overcome impairment of angiogenesis in diabetes. Moreover, our data showed that genes involved in cell migration, such as tissue factor (28) and platelet-derived growth factor (29) , are also downregulated in diabetic mouse. However, these changes in gene regulation again are not dependent on the presence of RAGE. MMP-2 mRNA expression is slightly suppressed in diabetes only in wild-type, not in RAGE Ϫ/Ϫ , mice, suggesting that MMP-2 regulation may be at least partly involved in RAGEdependent diabetes suppression of angiogenic response. Thus, aberrant gene regulation involved in angiogenesis appears not to be the primary mechanism underlying RAGE-mediated impaired angiogenic response in diabetes. In these sets of gene expression analyses, a limitation for the interpretation of the data are that there is obviously a distinct conformational changes in the number, complexity, and differentiation state of the vessels in the plugs between nondiabetic and diabetic mice. Thus, there is a danger that the changes in gene expression profiles may reflect these changes rather than a diabetes-mediated response.
One mechanism through which AGEs may affect pathologic processes is by enhanced apoptosis as supported by in vitro cultured cells (35, 36) . The mechanisms by which AGEs lead to apoptosis could be through increasing oxidative stress, cytoplasmic, or mitochondrial caspase pathways or via induced expression of proapoptotic cytokines (35, 36) . In our experimental system, TUNEL-positive cells in the matrigel are indeed increased in diabetic mice, and the increase is dependent on the presence of RAGE. However, quantitative analyses reveal that the average TUNEL-positive cells in diabetes is Ͻ1.5%, suggesting only partial contribution to the less angiogenic response in diabetic mice.
On the other hand, decrease in PCNA-positive cells in diabetes is well correlated with the suppressed angiogenic response in diabetes. Our data also show that the decrease in PCNA-positive cells in diabetes is also dependent on the presence of RAGE. Although the effect of diabetes on endothelial cell proliferation is often presented on the basis of what is observed in the late phase of diabetic retinopathy, recent observations suggest that hyperglycemia or AGEs suppresses angiogenesis even in retina in vivo (8, 37) . Larger et al. (37) directly measured endothelial cell proliferation in the chicken chorioallantoic membrane assay, which is suppressed by hyperglycemia. Regarding smooth muscle cells in major arteries, such as mouse arterial injury model, RAGE appears to be involved in increased smooth muscle cell proliferation in vivo (38, 39) . However, little is known about the effect of AGEs or hyperglycemia on the microvascular mural cell proliferation in vivo, although pericyte loss is the hallmarks of early changes of diabetic retinopathy (40, 41) . Although our current study does not delineate which types of cells are associated with the decrease in cell proliferation in the matrigel of diabetic mice, our data do suggest that diabetic condition suppresses microvascular cell proliferation through RAGE in vivo.
Ligation of RAGE leads to activation of the transcription factor NF-B, which has been proposed as a factor implicated in diabetes complications (11) . Various recent reports have described increased AGE accumulation, RAGE expression, and NF-B activation in the organs of diabetic animals and have postulated the pathophysiological relevance of these cellular events in diabetes complications such as diabetic retinopathy (42, 43) . Our data also show that the percentage of cells with NF-B activation in the matrigel is higher in diabetic than control mice. Moreover, the NF-B activation in diabetes is not observed in RAGEdeficient mice, implicating that RAGE is involved in diabetes-mediated NF-B activation. It is not clear at present, however, whether the RAGE-NF-B system is involved in altered cell proliferation and apoptosis and leads to impaired angiogenic response in diabetes. Apparently, further studies will be warranted to clarify this question.
The genetically engineered soluble form of RAGE has been successfully used for prevention of diabetic vascular complications (14, 19) . In recent human studies, circulating soluble RAGE, including esRAGE, has been shown to be inversely associated with atherosclerotic diseases (30, 44, 45) . Our current results also indicate that esRAGE might be a useful therapeutic tool for the prevention of impaired angiogenic response in diabetes. In the present study, we could successfully overexpress esRAGE inside and outside of the matrigel by the adenoviral system and could restore impaired angiogenic response in diabetes. In conclusion, the AGEs/RAGE system appears to be involved in impaired angiogenesis in diabetes. esRAGE might be a potential therapeutic candidate for the treatment of this disorder.
